Abstract. In the past decade or so we have been experiencing an extraordinary explosion of data volumes first in wireline networks and recently even in mobile wireless networks. Optimizing bandwidth utilization is critical for planning and deploying efficient networks that are capable of delivering new services like IPTV over cost-oriented implementations. Models of distributed content caching in the access network have been employed -for example -as analytical optimization tools in order to tackle associated problems. A modified capacitated quality-of-service network (QoS) model is proposed herein in order to optimize the placement of the sites of surrogate media servers (central offices-COs) on the access part of a content distribution network (CDN). The novelty of the proposed approach lies in the fact that capacitated quality-ofservice network optimization is cast as an optimization problem over two rather than one optimization variables-objectives. Implementation cost and link delay as determined by capacity/utilization requirements are the optimization functionals-objectives. Optimization of the network architecture is carried out via a multiobjective evolutionary algorithm that encodes all possible edges between the first level aggregation points of the access network. Proper priorities are assigned to different types of traffic according to class of service. Two main services are considered, namely live broadcast/IPTV and video on demand services (VoD). The media servers/COs are incorporated into the infrastructure of the access nodes in a step-by-step fashion modifying the traffic requirements between source and sink nodes of the optimal configurations of the access network. The evolution of the Pareto front is investigated in each case.
Introduction
problems [8] . Genetic algorithms (GA) take as inputs populations of genomes representing individual non-optimal solutions scattered across state space. A genome in the context of network design represents a specific topology of node sites and connections between them. New populations are created through mutation and crossover operations (i.e topology variations stemming from one and two parent topologies) in order to gain a different set of possibilities. The fitness of each individual of the population is evaluated and the best individuals are then retained to create new generations of improved solutions. The population will search state space and converge on the best solution over many generations. Multi-objective genetic algorithms optimize against a collection of fitness parameters. Sequential switching objective optimization, aggregation and weighting of all objectives to form a scalar fitness, cooperative fitness sharing of the various objectives, Pareto selection using non-dominated individuals, Pareto simulated annealing and min-max optimization are some of the distinct approaches to multiobjective optimization. Evolutionary algorithms such as the Non-dominated Sorting Genetic Algorithm-II (NSGA-II) [9] and Strength Pareto Evolutionary Approach 2 (SPEA-2) [10] are the state-of-the-art implementations of the aforementioned concepts based upon Pareto optimality [11] .
is said to be Pareto Optimal with respect to Ω if and only if there is no
for the entire variable space.
Analytical Formulation
Communication network models include centralized network models, backbone network models and reliable network models. Core and access networks shall be optimized separately. Access network is usually modeled as a centralized network where all communication is to and from a central site (backbone node). Optimal topology for such a problem corresponds to a tree in a graph G=(V,E) with all but one of the nodes in V corresponding to the terminals/edge nodes. The remaining node refers to the central site and edges in E correspond to the feasible communication wiring. A spanning tree on G is a maximal, acyclic subgraph of G; that is, it connects all of G's nodes and contains no cycles. A spanning tree's cost is the sum of the costs of its edges; a spanning tree with the smallest possible cost is a minimum spanning tree (MST) on G. Terminals/edge nodes may be thought of as the first level aggregation points of the DSLAM multiplexers whereas the root node may be thought of as the second level aggregation point which is part of the backbone core.
The extended capacitated minimum spanning tree (cMST) problem is formulated by Lin and Gen [12] . It is modeled using an edge-weighted undirected graph G=(V,E,Q,U) with n nodes and m edges. Its objective is to minimize the communication cost (defined as a kind of performance measures for NGN's QoS) while considering the following constraints: (1) consider the capabilities of the network; (2) different priority for different types of service; (3) dynamic environment [13] . cMST is an NP-hard problem. The proposed approach modifies the aforementioned communication model as follows:
where i,j,k=1,2,…,n are the indices of the nodes and The decision variable x ij indicates whether we select edge (i,j) as part of the chosen spanning tree whereas the decision variable y ij stands for the resulting traffic for the selected requirements at source and sink nodes according to Eq. 5 (note that if variable y ij >0 then x ij =1, else x ij =0). The sites of the cash-media servers define the source nodes in the access network whereas the terminal/edge nodes stand for the sink nodes. The proposed approach starts by assuming that a cache-media server is incorporated at the central node and solving the optimization problem defined by Eqs. 1 and 2. Additional cache-media servers are placed gradually at intermediate nodes of the optimal topologies. Such nodes are to be thought of as both sink and terminal nodes. Optimization is carried out at successive steps since the traffic requirements l st q of the edges are modified after separate optimizations. The overall cost z(x) depends upon the capacity of the selected edges ij u and the total number of the cash-media servers incorporated into the access network.
Scenarios
Each node but the central code is assumed to serve a certain number of active IPTV users. The traffic requirements are determined by the behavior of the active users and the commercial offerings of the provider. The bandwidth allocated to each active user serves for the broadcast of live IPTV, radio and on-line multimedia content of the first priority whereas part of it is allocated to the delivery of best-effort data services including video-on-demand. The central node broadcasts all IPTV and radio channels of the provider platform to the intermediate cache-media servers. Such a traffic requirement is denoted as q 0 . Paths from the central node to the intermediate cache-media servers deliver traffic of lower priority as well, which is assumed to be constant and is denoted as q 1 . Active users that are not served by intermediate cache-media servers are assigned to the central node. Thus graph G is divided into K+1 subgraphs, G={G 0 , G 1 … G K }, where K is the number of intermediate cache-media servers and each subgraph represents a subtree structure featuring an intermediate cache-media server at its root. The egress traffic requirements at the root equal the sum of the traffic requirements at its leaves whereas the ingress traffic requirement equals q 0 .
-a--b- Fig. 1 . Sample topologies of cMSTs depicting traffic requirements (a-media delivery site is incorporated to the central node and -b-media delivery sites incorporated to the central and two intermediate nodes).
Outline of the Algorithm
Several algorithms have been proposed to solve for the optimum cMST. Not all approaches utilize multiobjective optimization models (see for example [15] and [16] ). The proposed algorithm utilizes PrimPred encoding of the edges from which the optimum tree may be constructed [14] . Let P(t) and C(t) be parents and offspring in current generation t. The evolutionary multiobjective optimization algorithm is written in Matlab code. It is outlined as follows:
Procedure: PrimPred-based GA for capacitated QoS models Input: network data (V,E,Q,U) 
end output Pareto optimal solutions E(P,C) End

Encoding Schemes for Crossover and Mutation
A recombination operator builds an offspring spanning tree that consists mostly or entirely of the edges found in the offspring's parents. This is accomplished by applying random-tree algorithms to the union of the parent spanning trees, i.e. ) , (
Mutation reintroduces genetic information into the population. A mutation operator makes a small change in a parent solution usually by replacing an edge of a spanning tree topology with another feasible edge. This may be implemented either by choosing an edge at random from E-T and introducing it in T or creating two sub-trees and replacing the edge that connects them. The first approach creates a cycle which is resolved by removing a random edge from it.
Several fitness schemes may be accommodated in the context of the proposed algorithm.
Fitness Considerations
Evaluating the Pareto front does not depend upon the specific fitness scheme that it is used. Interactive Adaptive-weight Fitness Assignment evaluates the maximum and the minimum extreme points of the two objectives, i.e. 
A penalty p(ν k ) is assigned to all dominated solutions. 
Numerical Simulations
Numerical simulations are carried out for artificial data. A total of twenty access nodes each aggregating on average twenty DSLAMs is assumed. Links to the closest neighboring nodes are considered as possible edges of the optimum MST solution. Basic link capacity is 10 Gbps. The topology of the nodes is illustrated in Fig. 4 . The active users per node are assumed to be 500. Depending upon the requirements set by the provider, the real number of users served by an aggregation node may be significantly higher. The traffic requirements per active user are detailed in Table 1 whereas the delay per link between nodes i and j is derived from queuing theory (see for example [17] Evolution is carried out for sixty (60) generations. Crossover probability p C equals 0.70 whereas mutation probability p M equals 0.50. One of the optimum solutions on the Pareto front -for the case in which one CO located at the root of the tree is used to service all users -is depicted in Fig. 5 . The percentage of the nondominated solutions (RNDS) in each generation before selection is presented in Fig. 6 .
The Pareto front is moving closer to the origin of the axes for the case in which two COs are used to service all users as illustrated in Fig. 9 . The delay per user (as defined in Eq. 9) as well as the implementation cost drop. The percentage of the nondominated solutions (RNDS) in each generation before selection is presented in Fig. 8 . One of the optimum solutions on the Pareto front for the case of two COs is presented in Fig. 10 . The Pareto front for the case of four COs is depicted in Fig. 13 . A slight drop of the delay per user as well as of the implementation cost is observed. The percentage of the nondominated solutions (RNDS) in each generation for this case is illustrated in Fig. 12 whereas an optimum solution on the Pareto front is given in Fig. 11 . 
Conclusion
In this paper we investigated the effect of the placement of COs in order to ensure optimal delivery of content related services. By employing multi-objective techniques based on evolutionary algorithms we are able to show through numerical simulations that the use of multiple CO at the access network results in cost-effective implementations and IPTV services of higher quality and enhanced end-user experience (as measured by the delay per user or -alternative-the time of buffer occupation per user for given user bandwidths). Nevertheless the total number of COs that is needed to facilitate the aforementioned advantages depends up the total number of active users and the bandwidth requirements per user. No significant improvements in implementation costs are observed for more than six COs in the examined cases. 
